We conducted greenhouse experiments to compare 14 lucerne (alfalfa, Medicago sativa L.) germplasms for their survival following freezing. Some are collections adapted to the Grand River National Grasslands in South Dakota. We hypothesised that these collections might have developed a tolerance to survive the frigid growth conditions common there. Two of these collections, River side (RS) and Foster ranch (FR), showed greater freezing tolerance than the other germplasms tested, based on their consistent survival rates with or without cold acclimation. In multiple freezing studies, RS and FR had average survival rates of 74% and 79%, respectively, in contrast to the commercial cultivars Apica and CUF-101 (CUF) (64% and 24%, respectively). The average temperature at which 50% of ions in plant tissues leak out (LT 50 ) by freezing based on leaf electrolyte leakage was closely correlated with survival rates. Leaf LT 50 improved 2-3-fold after 3 days of cold acclimation, based on leaf electrolyte leakage analysis, reaching À188C, -9.68C, -8.58C, and À58C for RS, FR, Apica, and CUF, respectively. Comparison of total soluble sugars and relative water content in shoots before and after cold acclimation showed that they were not well correlated with freezing tolerance and could not explain the superior responses of RS and FR during cold acclimation. Transcript analysis of cold-responsive MsCBF1, MsCBF2 and CAS15B genes showed that RS, FR, Apica and CUF exhibited distinct patterns of cold induction. Although RS, FR and Apica showed a rapid or greater increase in expression level of one or two of these genes, CUF showed only a moderate induction in MsCBF2 and CAS15B transcripts, suggesting that expression of these genes may be a good molecular marker for freezing tolerance in lucerne. The findings provide evidence that freezing tolerance in lucerne is a complex trait and that a combination of different mechanisms may greatly improve freezing tolerance. RS and FR are potential resources in breeding for improving freezing tolerance in lucerne.
Introduction
Lucerne (also known as alfalfa, Medicago sativa L.) is a major forage legume grown extensively worldwide, with important agronomic and environmental attributes (Castonguay et al. 2009; Anower et al. 2013) . Lack of quick acclimation to cold and lack of freezing tolerance are major constraints to lucerne production in northern cold regions (Brouwer et al. 2000; Castonguay et al. 2015; Rocher et al. 2015) . A large percentage of the lucerne hay in the United States is produced in the Midwestern states of South Dakota, North Dakota, Minnesota, Iowa and Wisconsin, and the cultivars are typically highly autumn-dormant to survive freezing temperatures in winter (Sheaffer et al. 1997) . Although selection of autumn-dormant varieties is important for lucerne production in these areas with harsh winters, establishment and successful survival through the first winter after seeding can be critical for production because rapid drop in temperature occurs frequently in early autumn or late spring. Thus, it is also important to develop germplasm with improved freezing tolerance. Of course, an overall greater freezing tolerance in lucerne will improve its persistence in climates of the Midwest and northern United States.
Most temperate plant species increase freezing tolerance after exposure to progressive, non-freezing low temperature, a phenomenon known as cold acclimation (Thomashow 1999; Castonguay et al. 2006) . Studies have shown that prior exposure to cold acclimation increases lucerne freezing tolerance many-fold (Mohapatra et al. 1989; Monroy and Dhindsa 1995; Chen et al. 2015; Lizhen et al. 2015) . Other studies with plants such as Arabidopsis have demonstrated that the ability to survive winter is dependent on the rate of cold acclimation and the ultimate level and stability of acclimation (Thomashow 2001; Chinnusamy et al. 2007; Zuther et al. 2015) . Numerous physiological changes occur during exposure to low temperature, and some of them are believed to be important to freezing tolerance. For instance, organ-specific compatible solute or osmolyte accumulation prevents plants from experiencing sudden osmotic shock. Freezing stress directly inhibits cellular metabolic activities and reduces water uptake, thus inducing cellular dehydration or osmotic stress (Chinnusamy et al. 2007; Arias et al. 2015) . Solutes accumulated in plants under lowtemperature stress include amino acids such as proline, glutamine, methionine, arginine and histidine, and soluble sugars such as sucrose, glucose, fructose, melibiose, xylose, mannitol, sorbitol, trehalose, raffinose and stachyose. These solutes accumulate in the crown, taproots and leaves of lowtemperature-stressed lucerne plants (Castonguay et al. 2006; Tarkowski and Van den Ende 2015; Zhang et al. 2015; Zuther et al. 2015) . In addition to reducing water loss, a high accumulation of these solutes prevents ice formation and helps to stabilise macromolecules and membrane integrity in freezinginduced desiccation (Levitt 1980; Anchordoguy et al. 1987; Duca 2015) . Low-temperature and freezing stress, furthermore, causes enhanced metabolite flux and oxidative load on tissues, and the resulting reactive oxygen species (ROS) are one of the major hindrances to plant growth (Farooq et al. 2009 ). Thus, antioxidant defence or cellular-damage repair mechanisms through antifreeze protein-dehydrins are equally important for freezing tolerance (Thomashow 1998; Chinnusamy et al. 2007 ).
Many of these physiological and biochemical responses are a consequence of altered gene expression regulated by a complex genetic network. Differential expression of protein and RNA has been associated with genetic differences in cold acclimation and freezing tolerance (Guy 1990; Castonguay et al. 2006) . Numerous studies show that a diversity of coldregulated (COR) or responsive genes are involved in plant freezing tolerance (Monroy et al. 1993; Jaglo-Ottosen et al. 1998; Thomashow 1998; Park et al. 2015; Zhao et al. 2015) . However, only limited success in improving freezing tolerance has been achieved by manipulating just single genes, because multiple genes are likely act in concert to increase freezing tolerance. In Arabidopsis, a key molecular process leading to cold acclimation and improved freezing tolerance is the C-repeat binding factor (CBF) response pathway. Recent work has showed that CBF regulon genes and other cold-responsive genes are regulated by a complex network that involves many early cold-induced transcription factors (Park et al. 2015; Zhao et al. 2015) . CBFs are activators of many downstream genes, which collectively act to increase freezing tolerance (Fowler and Thomashow 2002; Maruyama et al. 2004; Park et al. 2015) . Among the genes upregulated by CBF3 are those encoding synthesis of cryoprotective polypeptides and soluble sugars (Gilmour et al. 2000) . Pennycooke et al. (2008) compared Medicago truncatula and lucerne subsp. falcata for their capacity to acclimate to cold and demonstrated the highly inducible nature of CBF transcript levels. Cas15, a coldinduced dehydrin gene in lucerne, showed parallel changes in transcript levels and freezing tolerance (Monroy et al. 1993; Lizhen et al. 2015) . Dehydrins comprise a complex gene family and are potentially important for preventing freezeinduced cellular dehydration. Dubé et al. (2013) searched within a library of cold-induced cDNA in lucerne and discovered two novel K3-dehydrin gene variants that were linked with superior freezing tolerance and cold adaptation. However, other genes involved in cold tolerance in lucerne are largely unknown.
Screening of lucerne germplasm for freezing tolerance has been practiced for a long time (McKenzie et al. 1988; Schwab et al. 1996b; Castonguay et al. 2009 ). Despite considerable effort, conventional breeding methods have met with only modest improvements in freezing tolerance. Castonguay et al. (2009) successfully identified lucerne with improved freezing tolerance through greenhouse screening of mature plants based on regrowth after freezing stress. Forage scientists and plant physiologists have often used the electrolyte leakage method to evaluate freezing injury (Burr et al. 1990; Mattsson 1997) . Electrolyte-leakage analysis through electric conductivity measurement appears to be a useful tool to estimate the average lethal temperature at which 50% of the plants survive the freezing treatment (LT 50 ) (Burr et al. 1990; Thomashow 1999; Thapa et al. 2008) . Consequently, a simple determination of the tissue-specific LT 50 can be considered a reasonably reliable reflection of winter hardiness of lucerne. In fact, the electrolyteleakage-based method has been used to select lucerne with improved freezing tolerance (Sulc et al. 1991; McKersie et al. 1996; Thapa et al. 2008) .
In this study, we used freezing survival in combination with a leaf electrolyte-leakage assay to evaluate freezing tolerance of 14 lucerne accessions and cultivars. Some of the accessions tested in this study were naturalised lucerne collected from the Grand River National Grassland of semi-arid or subhumid rangeland in South Dakota where unpredictable freezing occurs frequently in autumn and spring. We hypothesised that freezing tolerance in some of the naturalised accessions of lucerne is superior to that of other germplasm sources because they should be adapted to the relatively sudden drops in temperature.
Materials and methods

Plant materials
Fourteen lucerne germplasms including accessions and cultivars were examined in this study (see Supplementary materials, table S1, available at the journal's website). They included River side (RS), Foster ranch (FR), Wind River, Alfagraze, CHBB-04, BCBB-04, MT-01, A-1991, SD-201, DON, CUF-101 (CUF; freezing-sensitive), Ameristand 47 TQ, Apica (freezing-tolerant) and Caribou (freezing-tolerant). Seeds of RS were collected from the Grand River National Grassland (458N, 1028W), SD, and seeds of FR collected from Thunder Butte Creek (458N, 101W8) 
Freezing test
Freezing tolerance of whole plants was evaluated as described by Pennycooke et al. (2008) , with some modifications. Plants grown in a greenhouse were used for freezing tests with or without cold acclimation. For cold acclimation before a freezing test, plants (~3 weeks of age) were transferred to a 28C growth chamber with 16-h photoperiod, at a light intensity of 200 mmol m -2 s -1 of PAR, and kept for 2-7 days depending on experiments. The cold-acclimated and non-acclimated plants were transferred to a freezing chamber (thermal shock test chamber; Tenney, New Columbia, PA, USA) after nucleation with ice. The freeze tests were conducted by reducing the temperature from 48C to À28C over 30 min and holding at À28C for 8 h. The temperature was then decreased by 18C per h to a target temperature and held for 90 min. After freezing, plants were placed overnight in a dark cold-room at 48C. Plants were then moved to the greenhouse, at 248C, for growth recovery. Survival was scored as the proportion of plants that had resumed growth 10 days after freezing treatment. Freezingtolerant Apica and Caribou were included as positive controls and the sensitive CUF as a negative control. Plants that survived the freezing treatment were grown in the greenhouse for 3 weeks (de-acclimation) and were subjected to freezing stress again as described above. Six plants per replication of each germplasm type were used for each freezing test, and each test was repeated four times.
Electrolyte leakage
Tissue-specific LT 50 values were determined to estimate the temperature at which the leaf and stem tissues showed 50% ion leakage, using the modified method of Thapa et al. (2008) .
The temperatures tested were: -1, -2, -3, -4, -5, and À68C (nonacclimated leaf); -1, -3, -5, -8, -10, and À128C (non-acclimated shoot); -3, -6, -9, -12, -15 and À188C (after 3 days of coldacclimation); -3, -6, -9, -12, -15, -18 and À248C (after 7 days of cold-acclimation). For each test temperature, two leaves of similar age were sampled from each of three replicate plants for six replications in total and were placed in test tubes. Six nonfreezing-treated samples were placed on ice in the tubes as controls. The tubes containing frost-treated samples were placed in a glycol bath at À18C for 1 h, after which freezing was initiated by ice-nucleation produced by dropping a small ice crystal into each tube and maintaining at À18C for 1 h before further lowering the temperature. The temperature in the glycol bath was lowered by 18C per h, and frozen subsamples were removed at each test temperature and thawed on ice overnight. On the following day, the samples were removed from ice and kept at 48C for 2 h and at room temperature for another 1 h. After adding 20 mL deionised water to each tube, the samples were placed on a gyratory platform shaker (Innova-2000; New Brunswick Scientific, Edison, NJ, USA) at 150 r.p.m.
overnight. An initial ion-leakage measurement was taken with a conductivity meter (Model 2052; VWR, Atlanta, GA). Samples were then autoclaved at 1218C for 30 min with a slow exhaust cycle of 0.45 kg min -1 . After the samples were brought to room temperature, the total ion leakage was measured. Percentage of injury was calculated by using the formula described by Thapa et al. (2008) . LT 50 values were used to separate germplasms for their relative differences in freezing tolerance.
Relative water content
Samples were weighed immediately after harvest to determine fresh weight (FW) and then submerged in deionised water for 48 h at 48C in the dark. The samples were weighed again for turgid fresh weight (TFW) after the plant tissues were blotted dry. The tissues were vacuum-dried for 3 days at 408C and weighed to obtain dry weight (DW). Relative water content (RWC) was calculated as described in Barrs and Weatherley (1962) by using the equation:
Sugar measurement
For sugar extraction, root and shoot tissues were ground in liquid nitrogen to a fine powder, 20 mg of which was mixed with 400 mL double-deionised water in a 1.5-mL centrifuge tube (Thermo Fisher Scientific, Waltham, MA, USA), using a vortex mixer. The mixture was centrifuged at 12 000 r.p.m. for 5 min at 48C. The supernatant was heated at 1008C for 10 min and afterwards centrifuged at 12 000 r.p.m. for 5 min at 48C. After centrifugation, the supernatant containing the total soluble sugars was transferred to a new centrifuge tube.
Supernatant (5 mL) was incubated with 40 mL anthrone reagent (2 g anthrone dissolved in 100 mL concentrated H 2 SO 4 ) in a boiling water bath in a Corning Costa 96-well flat-bottom plate (Sigma-Aldrich, St. Louis, MO, USA) for 10 min in the dark. The absorbance of the products was detected by Synergy HT microplate reader and spectrometer (BioTek, Winooski, VT, USA) at 620 nm and quantified using Gen5 Analysis software based on a standard curve constructed by using known concentrations of D-glucose (Thermo Fisher Scientific).
RNA extraction and cDNA synthesis
To understand the molecular basis of the difference in freezing tolerance, we studied the expression of a small set of coldresponsive genes in FR and RS compared with cold-tolerant Apica and cold-sensitive CUF cultivars. Plants were subjected to 28C for 0, 2 and 24 h, and young shoots were harvested for RNA extraction and transcript quantification. Because photoperiods regulate the CBF cold-acclimation pathway and freezing tolerance in plants (Lee and Thomashow 2012) , the plants were grown with a long-day (16-h) photoperiod and all samples were harvested 2 h before dark (22 : 00) as the first time point when the basal level of CBF expression was lowest (Lee and Thomashow 2012) . Tissues were immediately frozen in liquid nitrogen and ground into fine powder.
Total RNA was extracted from tissues harvested at different time-points, by using the TRIzol reagent (Life Technologies, Carlsbad, CA, USA), and was subsequently stored at À808C. Total RNA was quantified by using a NanoDrop ND-1000 spectrometer (Thermo Fisher Scientific). The integrity and purity of the RNA was determined based on 1% agarose gel electrophoresis and the ChemiDoc imaging system (Bio-Rad Laboratories, Hercules, CA, USA). Residual genomic DNA was removed by a treatment with RNase-free DNase I (Life Technologies) before cDNA synthesis. First-strand cDNA was synthesised from 3 mg total RNA and oligo (dT) primers using a Super ScriptIII first-strand cDNA synthesis kit (Life Technologies) following the manufacturer's instructions. At least two independent cDNA synthesis reactions were performed for each sample and used as technical replicates in subsequent quantitative reverse transcription polymerase chain reaction (RT-qPCR). Synthesised cDNA was validated using MsTubulin primers with 30 cycles in a regular PCR reaction.
Design of gene-specific primers
Gene-specific primers were designed with the IDT real-time primer design tool (Integrated DNA Technologies, Coralville, IA, USA). Details of primer sequences and their melting temperatures are presented in Supplementary materials table S2. Primers were validated by using Medicago sativa genomic DNA as a template in a gradient PCR to optimise annealing temperature. PCR reactions were performed in a total volume of 20 mL, containing 2 mL 10Â PCR buffer, 1 mL each of 10 mM primers, 1 mL of 2 mM dNTPs, 0.1 mL of Taq polymerase 5 U mL -1 (BioLabs, Ipswich, MA, USA) and 1 mL genomic DNA (1 ng mL -1 ). The conditions for PCR were as follows: an initial denaturation step was performed at 948C for 3 min, followed by 35 cycles at 948C for 20 s, 20 s at annealing temperature (r = 38C s -1 , G = AE2.4), an extension at 728C for 2 min, and a final extension for 10 min. All reactions were performed on a Mastercycler (Eppendorf, Hauppauge, NY, USA). Upon completing the PCR cycles, 20 mL of each reaction was run on a 1% agarose gel stained with ethidium bromide, and images were visualised using a ChemiDoc (BioRad Laboratories) image analysis system.
Real-time qPCR analysis
Real-time qPCR was used to quantify transcript levels as described by Dubé et al. (2013) with some modifications. RTqPCR analysis was performed by using three independent biological replicates and two technical replicates for each biological replication. Assays were carried out in a 96-well plate (Thermo Fisher Scientific) in a fast real-time PCR system (ABI 7900 HT; Applied Biosystems, Foster City, CA, USA) using DyNAmo HS SYBR Green qPCR kits (Thermo Fisher Scientific). The 20-mL reaction mixture contained 2 mL firststrand cDNA and 0.5 mM each of the forward and reverse primers, 10 mL 2Â Master Mix and enough water for 20 mL total volume. The thermocycler program was set to: 15 min activation at 958C, followed by 40 cycles of 15 s at 948C, 30 s at annealing temperature, 30 s extension at 728C, followed by a dissociation-curve step. The annealing temperature was set to 52.58C for CBF1 and CBF2 and 578C for Cas15B and the reference gene (MsTubulin). Twenty mL of each reaction was run on 1% agarose gels stained with ethidium bromide to check the specificity of amplification. Inter-run calibrators were included on each plate to account for plate-to-plate variation. Normalised relative expression levels were calculated using the 2 -DDCt or comparative Ct method based on the difference between the target and reference genes as described by Schmittgen and Livak (2008) .
Bioinformatics and phylogenetic analysis
Nineteen MtCBF homologues were identified using the AtCBF (AtCBF1, AtCBF2, AtCBF3 and AtCBF4) protein sequences as queries against the GenBank Javi Medicago truncatula V4 release annotation database (http://www.jcvi.org/cgi-bin/ medicago/overview.cgi). The cut-off for choosing MtCBF homologues was E-value = 1e -30
. Overlapping sequences were deduced. The degrees of sequence identity were determined using ALIGN on the Biology Workbench (http://workbench. sdsc.edu/). To examine the phylogenetic relationship, cluster analysis of CBF amino acid sequences in M. truncatula with previously published CBF proteins from Arabidopsis, soybean (Glycine max) and lucerne was conducted. Sequences were aligned by using ClustalW, with MEGA software version 5.1 (Tamura et al. 2011) , and alignments were refined manually. The phylogenetic tree was constructed using MEGA software version 5.2.2 with the neighbour-joining method, with bootstrap probabilities calculated from 1000 replications.
Data analyses
Statistical analysis was performed with Statistix 9.0 (Analytical Software, Tallahassee, FL, USA), Excel 2010 data analysis tools pack (Microsoft, Redmond, WA, USA), and JMP 10.0.2 software (SAS Institute, Cary, NC, USA). Data were subjected to analysis of variance (ANOVA) using the linear model with completely randomised design to determine significant differences among the treatments. Tukey's HSD all-pair comparison was conducted to ascertain significant differences between treatment means (P < 0.05). LT 50 was estimated and analysed by the method as described by Castonguay et al. (2009) and Thapa et al. (2008) .
Results
Freezing tolerance
Without cold acclimation, freezing treatment at À58C for 90 min often resulted in death of many accessions, except FR and RS. An example is shown in Fig. 1b . Control plants without freezing treatment were healthy and continued to grow (Fig. 1a) . The survival rate of FR and RS was, on average, 45% higher than frost-tolerant Caribou (Table 1) . For À108C and À128C freezing treatments, respectively, non-acclimated RS showed 22% and 26% higher survival rates than Caribou, and non-acclimated FR 22% and 45% higher than Caribou (Table 1) . Compared with the freezing-sensitive CUF variety, FR and RS showed, on average, 65-67% higher survival rates in these freezing treatments (Table 1) . The other freezingtolerant cultivar, Apica, displayed a degree of freezing Table 1 . Percentage survival following freezing temperatures at "58C, "108C and "128C for the plants without cold acclimation (NA), with cold acclimation (CA) and with de-acclimation after cold acclimation (DA) Data are mean AE standard error. Within columns, means followed by the same letter are not significantly different (P > 0.05, n = 24).
Experiments were conducted with all germplasms at À58C but with only six selected germplasms at À108C and À128C Fig. 1f ). Because RS and FR showed the most consistent performance during freezing tests, they were considered the best among all of the germplasm sources tested. There were no significant differences in survival between RS and FR (Fig. 1f) . Morphological differences were evident after freezing. Both RS and FR showed strong and healthy roots after freezing stress, whereas CUF and SD-201 showed the least developed root system and dead roots (Fig. 1c, d ).
Leaf and shoot damage following freezing
Differences in leaf injury of non-acclimated plants were best detected at À38C, when CUF reached 50% leaf injury and RS showed 4% leaf damage (Fig. 2a) . Apica leaf injury was 75% at À48C, whereas injury of FR and RS was 25%. At À58C, leaf injury of RS and FR reached 50%, whereas CUF and Apica injury approached 80% (Fig. 2a) .
Leaf injury was also assessed in cold-acclimated plants. Compared with non-acclimated leaf freezing (Fig. 2a) , coldacclimated leaves of all germplasm sources showed significantly less injury at the same freezing temperature (Fig. 2c, d) .
Following 1 day of cold acclimation, the leaf LT 50 of all germplasm decreased from the -2.88C to -4.98C range of nonacclimated plants to the -7.88C to -11.28C range of coldacclimated plants (Supplementary materials table S3 ). RS decreased its LT 50 continuously with longer cold-acclimation and reached À258C with 7 days of cold acclimation ( Fig. 2d and Supplementary materials table S3). In FR and Apica, coldacclimation >1 day appeared to have little further effect on leaf freezing tolerance (Supplementary materials fig. S1 and table S3). Interestingly, longer cold-acclimation reduced freezing tolerance in CUF; presumably, the low temperature used in cold-acclimation may have led to some damage to CUF plants. Non-acclimated stems showed a more negative LT 50 than leaves, probably because of the difference in anatomical structure of these two tissues. The ranking of freezing tolerance based on LT 50 of two types of tissues was generally the same.
Shoot tissues were also tested for freezing injury at different temperatures without cold acclimation. The ranking of germplasms by shoot injury was similar to that observed by leaf injury (Fig. 2a, b) . In general, shoots suffered less injury than leaves at the same temperature. The freezing temperatures that caused 50% injury for CUF, Apica, RS and FR were -5, -6, -10, and À108C, respectively. FR did not show much change in shoot injury at the lowest temperature tested, À138C (Fig. 2b) .
Soluble sugar contents and RWC
Non-acclimated RS and CUF shoots accumulated 25% more soluble sugars than those of FR and Apica (Fig. 3a) . A 24-h cold treatment at 48C caused a 26% reduction in soluble-sugar accumulation compared with tissues at 0 h in all genotypes except Apica, which showed a 10% increase compared with tissues at 0 h. Genotype CUF showed a major reduction, decreasing from 22 to 11 mg g -1 DW. After 72 h of cold treatment, RS showed a significant increase (~40%) in solublesugar accumulation over the 24-h treatment, reaching a level slightly higher than at 0 h. On the other hand, Apica showed a significant decrease in sugar content from 24 to 72 h, reaching slightly lower level than that at 0 h. Soluble-sugar content of FR fluctuated from 2 to 3 mg g -1 DW during the experiment. Four germplasms also showed differences in RWC before and after cold treatment (Fig. 3b) . RS and CUP showed the highest RWC before cold treatment. CUF showed >50% reduction in RWC after cold treatment and had the lowest RWC among the four lucerne germplasms. RS and Apica showed relatively stable RWC before and after treatment. FR showed a reduction of nearly 40% in RWC after 24 h of cold treatment but recovered RWC at 72 h after cold treatment.
Cold-responsive gene expression
Transcript levels of MsCBF1 and MsCBF2 were enhanced by cold treatment in lucerne plants in a previous study (Pennycooke et al. 2008) , and their transcript levels were examined here. At 2 h after cold treatment, the transcript level of MsCBF1 increased 18-fold for RS and 25-fold in FR. However, by 24 h after cold treatment, the transcript level decreased to its original level in RS and to 8-fold in FR. Apica showed a slight increase in MsCBF1 transcripts at both 2 and 24 h after cold treatment. CUF showed no induction in MsCBF1 transcript after cold treatment (Fig. 4a) .
Cold induction caused a significant increase in the MsCBF2 transcript level of Apica, RS and CUF (Fig. 4b) . Within 2 h of cold induction, transcript levels of MsCBF2 were elevated 12-and 16-fold for RS and Apica, respectively. However, transcript levels of both genotypes declined 24 h after cold treatment to 4-8-fold that observed before cold treatment. CUF showed a 4-fold increase in MsCBF2 transcript level at 2 h, but returned to the original level at 24 h after cold treatment. FR showed no change in MsCBF2 transcript level after cold treatment (Fig. 4b) .
Protein-sequence analysis identified 19 members in M. truncatula that were similar to Arabidopsis CBFs. The M. truncatula genome was used because the lucerne genome sequence is not yet available. The M. truncatula CBFs are roughly grouped into two large clusters, and MsCBF1 and MsCBF2 happen to be representative of these two clusters ( Fig. 5) . Phylogenetic analysis also suggested that most Medicago CBFs are likely to be duplicated after divergence of Arabidopsis and Medicago, because Arabidopsis CBF1-4 formed one cluster, whereas Medicago CBFs formed their own clusters. On the other hand, three of the soybean CBF-like proteins, GmCBF1, GmCBF2, and GmCBF3, clustered with various Medicago CBFs, suggesting that duplication of these genes occurred before divergence of soybean and Medicago. Soybean DREB1-3 formed an independent cluster, whereas 13 Medicago CBFs (MtCBF2-3, 5-12, 14 and 16) formed a cluster without soybean CBFs, suggesting that these genes duplicated after divergence of these two legume plants.
AtCBF5 was distantly related to other AtCBFs and was thus not clustered with other CBFs. An AtCBF5-like sequence was identified in Medicago but not in the soybean genome (Fig. 5 ).
For FR, the Cas15B transcript level increased 60-fold within 2 h of transfer to low temperature and continued to increase 210-fold over the next 24 h (Fig. 4c) . A significant increase in Cas15B levels in Apica and CUF was also observed 24 h after cold treatment, with Apica reaching 600-fold induction and CUF 55-fold. RS did not show any change in Cas15B transcript level under cold induction.
Discussion
Superior freezing tolerance of RS and FR
We identified RS and FR as showing the highest freezing tolerance based on survival rate with or without cold acclimation. This is supported by multiple freezing tests, reflecting a more consistent performance of these germplasm lines under freezing stress, the results of freezing-survival test being highly variable, as indicated in Table 1 . Alfagraze, a commercial cultivar developed in the Midwest, also showed excellent freezing tolerance. This is expected because Alfagraze has been shown to have freezing tolerance based on winter survival in field conditions (Schwab et al. 1996a) . RS and FR also showed better survival than Apica and Caribou, two cultivars developed with greater freezing tolerance after cold acclimation of mature plants in Canada (Castonguay et al. 2009) . Two different mechanisms are likely in play-dormancy and freezing tolerance-and both are correlated with survival. Both germplasms showed better winter survival and freezing tolerance under a control treatment environment. However, further field dormancy tests may confirm their winter survival rather than tolerance to abrupt freezing.
There are indications in the literature that freezing tolerance is directly linked to survival rate and the possibilities of identifying cold-tolerant germplasms based on survival test (Waldron et al. 1998; Weishaar et al. 2005; Castonguay et al. 2009 ). An ion-leakage test performed on leaf tissue was efficient for determining freezing tolerance in the two M. truncatula genotypes (Thapa et al. 2008) . This is consistent with the results of leaf and stem electrolyte-leakage analysis in this study. RS and FR require lower freezing temperatures to reach the same leaf and stem electrolyte leakage as Apica, suggesting that RS and FR may indeed be more freezing-tolerant. Their greater freezing tolerance may be a consequence of their adaption to the harsh winter conditions at the Grand River National Grassland during the naturalisation process.
Physiological responses to cold treatment
Germplasms RS and FR showed greater freezing tolerance without lengthy cold acclimation, suggesting that their initial physiological process or status differs from that of CUF. Owing to its potentially important role in freezing tolerance, we examined whether the total soluble sugar content in RS and FR differs from that in CUF. The fact that the initial total soluble sugar content was similar in RS and CUF before cold treatment (0 h) and in FR and CUF after 24 h of cold treatment suggests that the difference in total soluble sugar may not be the key factor determining the difference in freezing tolerance. This is further supported by the fact that the amount of total soluble sugar in FR, Apica and CUF is the same after 72 h of cold . Medicago truncatula sequences include: MtCBF1 (5g010930), MtCBF2 (6g465690), MtCBF3 (6g466000), MtCBF4 (1g101600), MtCBF5 (6g465420), MtCBF6 (6g465430), MtCBF7 (6g465450), MtCBF8 (6g465460), MtCBF9 (6g465510), MtCBF10 (6g465530), MtCBF11 (6g465850), MtCBF12 (6g465990), MtCBF13 (4g102660), MtCBF14 (6g466130), MtCBF15 (2g085015), MtCBF16 (6g466020), MtCBF17 (4g074160), MtCBF18 (5g010910), MtCBF19 (5g010940). Soybean sequences include: GmCBF1 (ACA64423), GmCBF2 (ACB45077), GmCBF3 (ACA63936), GmDREBa (AAT12423), GmDREBb (AAQ57226), GmDREBc (AAP83131), GmDREB1 (AAP47161), GmDREB2 (ABB36645), GmDREB3 (AAZ03388).
acclimation, but FR and Apica are freezing-tolerant and CUF is freezing-sensitive.
A major role of total soluble sugar content is believed to be on osmotican to adjust RWC. Our results tend to support this, there being a close relationship between RWC and the sugar content (Fig. 3) . For example, higher sugar content is associated with higher RWC in different lucerne germplasms at 0 h. In addition, CUF showed a decrease in sugar content after cold treatment, and RWC decreased accordingly. However, Apica showed the highest total soluble sugar content, whereas its RWC was 10% lower than of RS and CUF. In addition, RS showed the highest total soluble sugar at 72 h after cold treatment, although its RWC was the same as those of FR and Apica. The results suggest that other factors in these germplasms may contribute to the change in RWC, and that the significance of the total soluble sugar in controlling RWC varies among germplasms and environmental conditions. Germplasms RS and FR showed similar survival following freezing treatment (Fig. 1f ) and leaf and shoot injury without cold acclimation (Fig. 2a, b) ; however, their freezing tolerance differed after cold acclimation (Fig. 2c) , suggesting that they may have employed different mechanisms in freezing tolerance. After a 24-h cold treatment, changes in the total soluble sugar and RWC between RS and FR were very similar, although RS generally showed a greater amount of soluble sugar and RWC, further supporting the hypothesis that other mechanisms may have contributed to the difference in freezing tolerance.
Cell membrane integrity is critical to freezing injury in plants. Numerous factors are involved in loss of membrane integrity at freezing temperature, such as expansion-induced lysis, damage caused by ROS species, and protein denaturation (Thomashow 1999) . Cold acclimation may have induced different metabolic changes in RS and FR, which lead to differences in membrane fluidity and in protecting the membrane from freeze-induced dehydration shock (Graham and Patterson 1982) .
Expression of cold-responsive genes
Our results demonstrated that the CBF genes are highly inducible by cold temperature. The fact that the CBF genes are much more highly upregulated in RS, FR and Apica than in CUF suggests that these CBFs play an important role in lucerne freezing tolerance. RS plants, which were more freezing-tolerant after cold acclimation than FR plants, demonstrated induction in both MsCBF1 and MsCBF2 genes. FR showed induction of only MsCBF1, further suggesting the importance of the CBF gene family. Our bioinformatics analysis identified 19 CBF-like genes in M. truncatula (Fig. 5) . Analysis of expression of other CBF genes in lucerne under cold conditions may provide further insights into the importance of CBF genes in lucerne freezing tolerance. Pennycooke et al. (2008) and Mohapatra et al. (1989) reported that the transcript levels of cold-acclimated specific (CAS) genes, such as Cas15B, were associated with lowtemperature tolerance levels of individual cultivars. Our results confirmed the cold-inducible nature of Cas15B gene expression (Mohapatra et al. 1989; Pennycooke et al. 2008) . More importantly, FR showed earlier induction of Cas15B expression than Apica, whereas Apica showed the highest induction at 24 h. The fact that CUF also showed a significant induction of the Cas15B gene and RS did not show a significant induction under cold suggests that Cas15B is only one of multiple potential molecular markers for cold tolerance in lucerne and may not be the best. The results, together with the expression pattern of CBF genes in different germplasm sources, support the notion that freezing tolerance in lucerne is a complex trait and that identification and combination of different mechanisms can lead to improvement of freezing tolerance in the species.
Overall, these findings support the hypothesis that Grand River National Grassland adapted germplasms RS and FR possess different physiological and molecular mechanisms that may greatly improve their freezing tolerance. 
